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ABSTRACT 


vi 


This thesis describes about an investigation on the 
dissociation behaviour of a large number of samples of calc it e, 
limestone and dolomite available in the laboratory or obtained 
from the industry. The industrial samples represent raw materi- 
als from different mines. The work has three main parts, 

(a) Development of various laboratory techniques to be 
applied in the investigation of decomposition reaction. 

(b) Actual studies on various samples and collection of data 

(c) Analysis of all experimental data for quantitative 
assessment of the mode of decomposition and thermal 
properties of samples and an attempt to corelate the 
data obtained using different techniques. 

The emphasis of the work is on the development of the<- ^ . 
experimental techniques and methodology. The experimental date 
have been primarily used to establish the validity of the techni- 
ques proposed and used. However, an attempt is also made to 
generate some decomposition data which may be of interest to the 
industries. 

The experimental techniques described include the following, 

(a) Thermal analysis of samples (simultaneous DTA, TG-, DTG). 

(b) A new technique called the ’Moving Bed’ technique in 
which a bed length '-f sample is gradually introduced 
into a furnace hot zone and decomposition allowed to 
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take place under rising temperature condition. 

(c) Continuous measurements of tern erature of v' lune 
elements cf a moving bed to understand the heating 
charact eristics f materials f 11 owing into a furnace 
with tine. 

(d) Measurement of the rate f rise f t emoerature of 
samples (initially at t 'n tt-rr eroture) suddenly 
introduced inti, the hot zone of furnace at a constant 
temperature . 

(e) Continuous measurement f ev- luti j n of carbon di— .xide 
generated by dec<. mpositi - n f a sample kept at the 
furnace hot z ,ne at a given temperature. A special 
bleeding device is provided, t maintain a given carbon 
di-oxide pressure in the system, during decomposition. 



CHAPTER I 
INTRODUCTION 


3: .1 General : - 

limestone is recognised ar an important raw material for 
the manufacture of Iron and Steel. It also finds use in the 
manufacture of port land cement, in agricultural purposes etc. 

An average of 0.3 ton or more of limestone flux is requires to 
produce one ton of pig iron jn blast furnace to combine princi- 
pally with silica and alumina to form low melting point slags 
and to provide slag basicity to control silicon, sulphur and 
manganese levels in the molten metal. In steel making, calcin— 
ned lime is normally used as fluxing material. Limestone addi- 
tions in the open hearth process gives rise to lime boil which 
effectively stirs the bath and brings the lime to slag where it 
replaces the oxides of iron and keep sulphur and phosphorus . 
level low. In modern rapid oxygen converters lime quality 
plays a critical role as it must dissolve in the slag rapidly 
for better control of sulphur and phosphorus. In de-oxidation 
of steel de-oxidising power of ferro alloys is improved by 
presence of CaO in the slag. 

Dissociation behaviour of limestone in the burden affects 
the performance of blast furnaces [1], Dissociation behaviour 
is also important in the calcination operations in the kiln 
or shaft to produce lime. It is thus important to study the 
decomposition behaviour of limestone. 
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1*2 Thermodynamics of Limestone dissociation : - 

Reliable thermodynamics data for limestone decomposition 
are c voidable in the literature [2] 

CaCO^ = GaO + C0 2 > * iiG 0 = 40250 - 54.4T~d 

AG° = - RTxnpG0 2 — (2) 

where£>G° is the standard free energy change for the reac- 
tion, pC0 2 is the partial pressure of 00 2 and T is the tempera- 
ture in » 

MgCO, - MgO + 00 0 *, i\G u = 28100 — 40,61 

5 ^ — ( 5 ; 

It may be readily shown that MgCO^ decomposes at a temperature 
of 420°C and CaCO^ at 500°0 at pC0 2 of 1 atm. 

In the case of dolomite the dissociation reaction would 
involve two sequential steps. MgCO^ in dolomite decomposes 
first followed by CaCO^. Often these sequential steps overlap 

1,2.1 Dissociation behaviour of actual Calcium carbonates : 

For Calcite, dissociation temperature is 898° 0 [3,4] at 
1 atm. Magnesium carbonate dissociates at a much lower temper 
rature i.e. 420°0 at pC© 2 of 1 atm. Since the proportion of 
MgCO^ and CaCO^ diff ers in many species of dolomitic and magne- 
sian limestone, the dissociation temperature naturally varies. 
These cannot be calculated from theory and actual experiments 
alone can give the data. In most cas '-s the MgO is hard burnt 
in varying degrees before CaO is formed. Even if the CaO cons- 
tituent is soft burnt the hard burnt MgO component influences 
a denser quick lime of- lower reactivity than a Comparably 
calcined high calcium lime. 
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According to Hedln [5], certain kinds of limestone cannot' 
Sttbbessfully calcined into lump or quick lime. These types 
may largely dissociate into oxide but they will decrepitate 
into small fractions down to dust rendering the product unsa- 
lable for many uses and seriously complicating the process of 
calcination, large crystalline forms are most prone to behave 
like this and experimental calcination cf the stone is judicio- 
us Before a plant investment is made. This is ’physical oddity 
and the chemical analysis of the stone hn§ litxle or no influx 
ence on this characteristics. 

Postel [6 J also observed that the CaCO^ crystal lattice, 
in preheating undergoes thermal expansion of 5 to lOpct. prior 
to calcination. A residual effect of this expansion is an in? 
crease in the stones porosity. 

1*3 Mon-isothermal kinetics 

During heating a carbonate may decompose continuously and 
therefore, the dissociation reaction is essentially a nonefiso 
thermal. Such reactions can be studied by thermal analysis 
under rising temperature conditions. Dynamic noncrisothermal 
kinetic studies are carried out by allowing a reaction to take 
place at progressively higher tom. erasure using a velldefined 
temperature time relationship, progress of the reaction being 
recorded (eg. as weight change) against temperature or time. 

Traditional kinetic studies involve a series of runs in 
which a reaction takes place under ’isothermal conditions'. 


/ 
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Prom the plot of fraction decomposed i.e. ’a’ against time r t* 
a reaction rate constant is derived by expressing weight as an 
appropriate function of 1 1*. If the experiment is then repeated 
at several other temperatures and an unchanged reaction is assu- 
med then an Ax'rhenius type plot can b ^ obtained and the activa^ 
tion energy calculated. Such is .-tnor^al experiments generally 
yield a value of about 50 Kcal/mcle [7] for the activation 
energy of limestone. 

The isothermal experiments require large number of runs. 
Moreover it is always difficult tc aitafch a fixed temperature 
without some pre-reaction. Therefor.- an uncertainty remains 
regarding zero time of reaction. Ale~ it is very difficult to 
reproduce physical characteristics '-.f a sample in every run. 

The commercial thermal analysis equipments use very small 
samples to ensure thermal equillibrium with the furnace. It is 
however possible to design a technique fer thermogravimetry 
on largo masses. The technique is described in detail later. 

1.4 Differential Thermal Analysis (DTA), Therm ogravinetry(TG ) 
and Derivative Thormogravimotry (PTG) 

DTA measures heat effects in a op stem due tc phase changes 
or reactions. DTA studies nave f'und wide applications in vari- 
ous fields. It is, however, new realized that more useful infor- 
mation is obtained when DTA is C'-mbin-l with TG and DTG. In TG 
the weight of the sample is measured continuously and the course 
of the reaction is followed thr; ugh measuring weight changes. 
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DIG. gives the rate cf change of weight 1 ,ss and gives a measure 
of reaction rate at various temperatures. The modem approach 
in thermal analysis therefore is simultaneous BTA, TG and DIG 
studies. The principles 'f these teermiquos nro well kn’wn 
and %fe.erefore will net be cl i cussed i'&r?. 

1.5 Aim of the pro sen t Invostlgat i- :i 

Ihe present w'rk is aimed studying locnj 'Siticn beha- 
viour of a large number :f calcine, 1- ostone md d~'l mite 
samples using various techniques f e: or. ■ i ~il analysis. Ihe tech- 
niques include DIA, TG, DIG and a u w moth A colled ! Moving 5Bed' 
technique which is suitable f -r stu 1 ying the '-"aconr usiticn behajs 
viour of large samples. They arc Inscribed in detail in subse- 
quent chapters. 

The data obtained using various techniques are to be ana lye 
zed to establish an overall comparison of the decamp -sition 
behaviour of various samples. 
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CHAPTER II 
PLAN OF THE WORK 

The present work is aimed at comparing the dissociation 
behaviour of various grade samples of calcite, limestone and 
dolomite under Isothermal/ltfon— isothermal experimental conditions. 
The work is contemplated in the following manner. 

2.1 DTA Technique 

DTA technique is suitable only for very sma.ll samples 
(10 to 500 mg) to investigate excthurmic or endothermic reactions 
taking place in the system. TG shows wheth r the reactions 
involve weight changes or not. DTG gives additional kinetic 
data for the reaction by providing the slope values of TG curve. 

A standard 1 Derivatograph ' instrument was used for simultaneous 
measurements of DTA, TG and DTG of thw samples. 

First the effect of parameters such as particle si~e, 
heating rate, gas flow rato etc. was established. Subsequently 
all studies were done under standardised conditions so that the 
experimental data become amenable for comparative analysis. A 
series of experiments were also conducted to study sequential 
decomposition reactions such as these found in a combination of 
carbonates. The effect of the nature of association of carbona- 
tes was studied. 

2.2 Moving bed technique 

This method describes a generalized approach on non-iso- 
thermal kinetic investigations which use large samples and non- 
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linear heating programme. It proposes? a moving bed experiment 
in which a large volume of sample is snread in a long quartz 
tube and the tube is introduced into a furnace hot zone at 
uniform speed. When the boat is withdrawn, it gives a series 
of successive volu is elements which h°ve been subjected to a 
temperature— time programme fer different periods. 

The heating programme would depend primarily on the tempe- 
rature profile of the furnace, the boat speed and the heat trans- 
fer co-efficient. The temperature-time plots can he obtained 
by thermocouples positioned in the moving bed for several samples. 
The resultscof such findings established; non-iso thermal kinetic 
data for a known heating programme. It was then possible to 
compare the dissociation of large and small samples. 

2.3 Measurement of evolution of Carbon di-oxide 

An apparatus was set up to measure the flow rate of libera- 
ted CC >2 gas which in turn could bo related to the amount of 
material decomposed at any time of heating. Variables dfcudied 
in such experiments include temperature, COg pressure, partible 
size, different grade of materials etc. 

In some experiments simultaneous temperature and carbon 
di-oxide measurements were carried out to give additional infor- 
mation on the decomposition behaviour of samples. 
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CHAP7M III 
EXPERIMENTAL 

3.1 Materials 

Eor thermal analysis most of the samples were obtained 
from Bokaro Steel Limited, Bokaro (samples of limestone and dolo- 
mite) brought from the sources such as Euteshwar, Setna, Chopan, 

Birmitrapur, Beradwar, Raratek etc. Double carbonates of Ea^CO.,. 

2 5 

CaCO^ were synthesized in the laboratory. Calcite and locally 
available limostone and dolomat • irtcrials were procured and 
chemically analysed in the laboratory d the compositions are 
given in Table III-l. Analytical grade of CnCO^ end MgCO^ with 
purity of a.lmost 99 pet. wore also used in some studies. 

Unless otherwise mentioned the av .-rage particle size of the 
samples used was 75p(micron) i.e. -90p to +63p for DTA. In all 
other cases the actual sizes used ar^ mentioned with all experi- 
mental data. 

3.2 Equipments 
3.2.1 Derivatograph ; 

The line sketch of the Derivatograph is shown in fig.(l) 
[8,9]- In the DTA cell there are two thermocouples interconnected 
through a galvanometer. One crucible holds the reference material 
^2^3^^ um ^ na ^ an< ^ °hhcr holds tho test sample. The two cru- 

cibles are heated in a furnace. There is provision for flushing 
the system with inert gas argon at a controlled flow rate. The 
equipment offers various sensitivities and various rates of 
heating are available (e.g. 5° 10° 25? 30°C/min.) 
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TABLE III - 1 

C HEMICAL ANALYEIS OF SAMPLES AFTER COMPLETE BUREIMG- 

AT 1000°C 


Compounds 

Calcite 

Limestone 

Dolomite 

pet . 

pet . 

pet . 

CaO 

98.57 

84.34 

70.42 

MgO 

m • 

4.72 

24.51 

Si0 2 

,1.27 

6.19 

1.31 

Pe 2 ° 3 

o .16 

4.ol 

2.61 


• • 

0.74 

1.14 



It 




FIGfl) UNE SKETCH OF PER tVATOGRAPH 
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3*2.2. Moving bed and other Experiments : - 

For moving bed and evolution studies, a kanthal -wound 

resistance furnace was employed. A sketch of the apparatus is 
shown in fig. (2). The tenporature was controlled with an accu- 
racy of £5°C with the help of e temperature controller. Actual 
temperature was measured using a Chrorel-Alumel thermocouple 
connected to a potentiometer. The rate of evolution of C0„ was 

sd 

controlled through a mercury bub’olsr device shown in fig. (3). 
and by using a capillary flowmeter. 

3.3 Experimental Procedure : - 

3.3.1 DTA/TG/PTG plots ; 

About 400 mg of the sample w.s taken in a standard ceramic 
crucible and kept above Thermocouple ho.l. Inert AlgO^ sample 
was taken in the other crucible and kept above the thermocouple 
Uo.2. The standard flow rate of argon was Icc/min. DTA, TG 
and DTG plots were plotted simultaneously. The details of the 
experimental conditions for the thermal analysis studied in the 
present work are given in Table-III-2. 

3.3.2 Moving bed technique : 

About 100 gm of calcite in the size range of -5 to +14 mesh 
were dried in an oven and kept inside a 60cm long, 1.4cm I*D*, 
uuart z tube which was sealed, from one end. The tube was then 
pushed inside the furnace at the rate of 1 cm/min or 1/2 cm/nin 
for a predetermined period of time, removed and allowed to cool 
in air. The material was sampled from various distances along 
the length of the tube for further analysis by reheating the 
volume elements individually at 1000°C for 90 minutes. 
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TABLE III - 2 

DETAILS OF EXPERIMENTAL CONDITIONS FOR DIFFERENTIAL 
THERMAL ANALYSIS 

Argon Blow Rate = 1 cc/min [pCOglfcmik = 0 


SI. No. 

Run No . 

Sources 

Particle size 

Actual 

Weight 

Heating 

Rate 

1 

DTI 

L/S Kut ^shwar 

-90p to 

+63p 

396 

mg 

2 5 °C Aiin 

2 

DT2 

L/S Satns 

1 ! 


400 

mg 

t ! 

3 

DT3 

L/S Chopan 

t 1 


400 

mg 

f t 

4 

DT4 

L/S Birmitrpur 

1 1 


394 

mg 

f » 

5 

DT5 

Dolo Baradwar 

t t 


400 

mg 

! ! 

6 

DT6 

Dolo Ramtek 

i r 


400 

mg 

f ? 

7 

DT7 

Dolo Chopan 

t f 


388 

mg 

1 f 

8 

DT8 

Mech. mix. 

t t 




t J 



CaCO, - MgCO, 



400 

mg 


9 

DT9 

Na o C0,.CaCOA 

2 p 5 

f t 


400 

mg 

1 f 

10 

DT10 

Mech. mix 

t T 




T f 



CaCO,. - Na CO, 



400 

mg 


11 

DT11 

Pure^CaCO^ 0 

f ! 




t r 



A/R grade 

! f 


339 

mg 

f r 

12 

DTliA 

Pure MgCO,. 








L/R grade'’ 

t t 


175 

mg 

! 1 

13 

DT12 

Calcite 

-28 to 

+35mesh 

400 

mg 

T ? 

14 ' 

DT13 

! f 

-2o to 

+28mesh 

f f 


t t 

15 

DT14 

1 ? 

-14 to 

+20mesh 

r f 


r ! 

16 

DT15 

1 t 

- 6 to 

+14 mesh 

^ r 


i i 

17 

DTI 6 

L/S Satna 

-90p to +63\x 

» ! 


20°C/min 

18 

DT17 

\ ? 

T 1 


* T 


25°C/niv 

19 

DT18 

f ! 

t t 


! t 


30°C/ni' 



3»3»3 Measurement of Carbon di-oxid e evolution : — 

About 25 gm of staple after drying w^s kept in the qu'"'t: 
tube which was connect -i -§& rough a ’■•rreury prossur, r.gul^':' 
to a calibrated capillary f lowiieter as shown in fig. (3/- ' - 

euoar.'tus wop first purged by parking C ~) 0 frc™ cylinder for c 
10 .minutes. Then the tube war introduced well inside tn . i 
nace and. CO 2 liberated w^s rpa,-vr k ^ t regular intorvsl -x eu: 


The experimental details, of v ri'.r 
given Table I 11-3* 


• ~n t ? c r r r e d ■„> a t 


3.3.4 Temperature Ecosuronents i n Static hi 

In another ^et of rXuoriFents , ' chr rod — 0 iu’iel thor r, i. eeu- 

pie wA*' placed -t th- centre of s^npl- (2 r gn) -nd the qua r*', 
tube containing the sample was kept w. 11 insidy the turnecc - ac. 
t e r :per “ ture was measured at regular iucervol. In sore expo - . " - 
nrntfl attempts were r o tc neesure the to- ip rature and tr:e ’I" 1 
rate of liberated CO 2 simultaneously. 

3.3.5 Tempera tur o_jte a sur er .,nts i n Moving bod : 

A chron il-alurel thermo^c^urle wrs lixed at a knvwr 
nee inside the tube containing e'xul.- ‘50 gr) as sh'wn in xr{ 

The mouth of refractory plug in One -*\v -v 0 ' tub; 0 Vkcr 
the reference for measuring di s : r '0 ’ ;a . ' zXl the c ses. Ire 
tube was pushed insid- tin., fr-ra * . .ml 13 - t thm 3 ter .nor t'" 

of l cr/nin -'i: 1 th-- tsapora ' -i :; 0 0 nmsured at 30 sec. inter t -' 1 

And the details of exporimen t ~ 1 c •.. 'ditions are givun in 


! \ 


Table II I -/J 
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TABLE- III-3 

DETAILS OF EXPERIMENTAL CONDITIONS FOR C0 2 EVOLUTION 

MEASUREMENTS 


particle Total 

Expt.No. Material Amount Control tial Pre- size Exptl 1 

(gm) Temp.C ssure(atm) (mesh) Timers— 


CEO 

Calcite 

31.19 

1000 

1.03 

-5 

to 

+14 

40 

CE1 

! f 

31.11 

f t 

t f 

t ! 



35 

CEP 

? f 

27.21 

! I 

t ! 

! I 



25 

CE3 

1 f 

26,92 

1 ! 

t t 

-48 

to 

+65 

30 

CE4 

! ! 

27.69 

T t 

T 1 

-14 'to 

.+20 


CE5 

! » 

27.26 

1 ! 

t ! 

+3 



25 

CE6 

L/S-CNB 

t j 

28.04 

t ! 

T ! 

-14 

to 

+20 

20 

CE7 

32.23 

! 1 

f » 

+3 



20 

CE8 

Dolo-CNB 

28.91 

f ! 

t r 

-14 

to 

+22 

20 

CE9 

Calcite 

27.28 

1 T 

1.25 

-5 

to 

+14 

35 

CE10 

i i 

26.76 

f i 

1 ! 

! ! 



35 

CE11 

f ! 

26.27 

t ! 

1.5 

! f 



45 

CE12 

t 1 

29.42 

! ! 

1.5 

! ! 



45 

CE13 

1/S-CNB 

27.33 

? ! 

T ! 

-14 

to 

+20 

30 

CE14 

Calcite 

29.11 

980 

1.03 

-5 

to 

+14 

45 

CE15 

f f 

29.65 

980 

r » 

! t 



50 

CE16 

! 1 

29.88 

950 

t i 

! » 



50 

CE17 

» t 

32.17 

J f 

f ! 

» T 



60 

CE18 

r f 

30.96 

! 1 

T ! 

1 

f I 



60 

CE19 

! » 

28.69 

? ! 

» ! , 

- • v- y 

--5 

t# 

i+I4 

60 

CE20 

L/S-CNB 

26.59 

T ! 

t » 

-14 

t# 

+20 

90 

CE21 

L/S-CNB 

31.91 

? 1 

! 1 

+3 



40 

CE22 

Dolo-CNB 

26.18 

1 

f r 

-14 

to 

+22 

40 

CE23 

Calcite 

27.43 

f t 

1.25 

-5 

to 

+14 

40 

CE24 

L/S-CNB 

27.82 

? t 

1.5 

-14 

to 

+20 

60 

CE25 

Calcite 

28.32 

925 

1.03 

-5 

to 

+14 

60 

CE26 

I 1 

25.48 

900 

1.03 

-14 

to 

+20 

60 

CE27 

L/S-CNB 

25.55 

1 f 

f t 

-14 

to 

+20 

90 

CE2S 

1 ! 

32.42 

! f 

A 

! t 

+3 



60 

CE29 

Dolo-CNB 

29.10 

! '? 

t I 

-14 

to 

+22 

30 

CE30 

L/S-CNB 

! f 

27.37 

f f 

1.5 

-14 

to 

+20 

60 

CE31 

28.19 

850 

1.03 

f 1 



20 

CB32 

! t 

31.22 

f 1 

! ! 

-14 

to 

. +22 

35 

CB33 

Dolo-CNB 

28.61 

» I 

! f 

1 I 



30 

CE34 

L/S-CKB 

27.82 

t f 

1.5 

-14 

to 

+20 

45 

CE35 

Dolo-CNB 

28.76 

800 

1.03 

-14 

to 

+22 

60 

CE36 

T » 

28.68 

750 

1.03 

> t 



60 
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TABLE I II -4 

EXPERIMENTAL CONDITIONS FOR TEMPERATURE MEASUREMENTS 
IN STATIC AND MOVING BEDS 

Maximum Time = 30min Controller Temperature = 1000 °C 

Bed Speed = lcm/min Sample length— Static = 10 cm 

Sample length— Moving = 20 cm 


Expt. No. 

Material 

Size( 

mesh) 

Pc' 

Th 

sition of 
ermocoupl' 

TM1 

Empty tube 

m * 



-5 

cm 

TM2 

Calcite 

-5 

to 

+14 

-h 

cm - 

TMJ 

L/S-CFB 

-14 

to 

+20 

r t 


TMA, 

Do'lo-CNB 

-14 

to 

+22 

f ! 


TM5 

Empty tube 




0 


TM6 

7 7 

m dr 



-10 

cm 

TM7 

T t 

* » 



-20 

cm 

TM8 

7 f 

• 6 



-27 

cm 

TM9 

Calcite 

-20 

to 

+28 

0 


TM10 

T 7 

7 7 



-5 

cm 

TM11 

7 7 

7 ? 



-10 

cm 

Tml2 

t 7 

7 ! 



-18 

cm 

TM13 

7 7 

7 7 



-22 

cm 

TM14 

L/S-CNB 

-14 

to 

+22 

0 


TM15 

7 7 

7 7 



-t5 

cm 

TM16 

7 7 

7 7 



-lo 

cm 

TM17 

7 7 

7 7 



-18 

cm 

TM18 

1 7 

7 7 



-22 

cm 

TM-CE19 

Calcite 

-20 

to 

+28 

• -5 

cm 

TM-CE20 

L/S-CNB 

-14 

to 

+22 

-5 

cm 


Remarks 


Static b-d 


Moving bed 


Static bed 

t r 
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CHAPTER IV 
RESULTS 

4-1 Results of Derivat paraph experiments 

Results of BTA, TG an.'? DTE experiments from DTI to 

DT18 as obtained from ^erivatogrpph ore summarized in Table IV-1. 
The exact plots for sons experiments ore given in figures from 
(4) to(13). In samples of dolomite i.e. in experiments DT5 and 
DT6, weight losses due to calci aticn if MgCO^ and CaCO^ are 
found separately from the TG plots ark 3 these results ere marked 
as ’‘A 1 and ’ B f respectively in Table IV-1. 

4.2 Results of calcite d econposition in Moving bed experiments : - 

The results of experiments carried out using moving bed 
techniques as described in section 3-3.2 for non-iso thermal 
decomposition studies of calcite are given in Table IV-2. 

4.3 Results of experiments measuring evolution of Carbon di»»oxid . 
in Static beds 

Table IV— 3 gives the results of experiments to measure 
evolution of CO 2 - The details of th >s experimental conditions 
such as pC 02 > sample weight, sourc° etc., have been given in 
Table II 1-3* Typical plots f >r J ho rate • f CO 2 evolution for 
materials like calcite, limostun .• and ^ l,mite ere iven fig. (14). 
Limestone and dricmite dec np.se rather easily than calcite. 

It nay be noted that total area order the curve upto certain 
duration would give total amount af CO^ liberated in that 


. b 
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TABLE IV-1 

RESULTS OBTAINED BY TG- PLOTS SHOWING WEIGHT LOSSES 
AT VARIOUS TEMPERATURES IN DT EXPERT MEETS 


Run Mo. Weight loss in rag at Temperature°K Maxnu wt. Maxm.nct. 



873 

973 

1073 

1173 

1213 

1253 

1273 

loss(mg) 

wt. loss 
oalculat 

DTI 

• a 

• • 

4 

28 

50 

BOO 

126 

155 

39.14 

DT2 

« * 

1 

4 

30 

60 

110 

156 

161 

40.25 

DT3 

1 

4 

12 

4^ 

85 

116 

136" 

140 

35.00 

DT4 

a • 

. # 

2 

28 

58 

108 

136 

152 

38.56 

DT5 'A' 

• • 

8 

17 

86 

« • 

• • 

© A 

90 

22.50 

DT5’B' 

• * 

* • 

# A 

« • 

78 

88 

101 

102 

25.50 

DT 6 ' A ’ 

© * 

7 

14 

a a 

♦ a 

• # 

a a 

70 

17.50 

DT6 ' B ’ 

• • 

• * 

• * 

30 

58 

92 

102 

104 

26.00 

DT? 

o 0 

2 

4 

25 

52 

87 

122 

126 

32.47 

DT8 

96 

104 

112 

154 

188 

190 

192 

192 

48.00 

DT9 

* » 

1 

2 

16 

32 

48 

58 

84 

21.00 

DT10 



5 

25 

35 

48 

60 

125 

31.25 

DT11 

* t 


1 

74 

104 

124 

144 

144 

42.48 

DT11A 

ICO 


a * 

• a 

a a 

a * 

• « 

100 

57.14 

DTL2 

• a 


1 

13 

34 

69 

104 

134 

33.50 

DTI 3 

a a 


4 

30 

50 

110 

135 

160 

40.00 

DT14 

* • 


3 

24 

36 

76 

115 

159 

39.75 

DT15 

• • 


3 

20 

39 

68 

97 

140 

35.00 

DT16 

fc o 


1 

11 

27 

73 

123 

140 

35.00 

DT17 



1 

21 

49 

126 

144 

162 

40.50 

DTPS 

• a 


1 

20 

50 

102 

154 

162 

40 . 50 
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>- 

period anr3 it can be thus related tr the Ijss in weight of the 
sample as shown in fig* (15). This has been verified an^ c_nfir~ 
med by actual weighing if the sample at the end cf exnerinonts. 

In those cases where the matching is n', t very g^od err' r 

V. 

is presumably in the measurement r f fcOg ev, lved especially in 
the initial stages or due t~ improper calibration rf the fl< w— 
meter. The initial rate of ev luti n in s me cases especially 
with limestone and do Ignite was very largo c.ul^ n t be deters 
mined accurately. Weight 1< s° ' 1 at° f r such experiments ere 
suitably corrected by simple sd-’iti ns, substractiens r by 
multiplications by cennnri,:g the actual weight loss of sample 
with measured weight loss fr 'm CO 2 ev luti m plot at the end of 
experiments. The corrected dat are summarized in Table IV-4. 

4.4 Temperature measurements cn heating ,f Static bed (Results) 

Pig. (16) sh.-ws the results if temperature measurements f 
calcite, limest *ne and dnl mite _ n static beds c nt~ined in tubes. 
P^r comparison purp sos, temperature response of the therm - 
couple in empty tube is also plotted in the fig. (16). The re- 
sults < f the simultaneous measurement . f temperature and CC >2 
evolution are given in fig. (17). 

4.5 Results of measurement .f temperature during Moving bed 
experi - merits ; - 

h number of experiments w ere carried cut to understand the 
variation of temperature with tine to different vclume elements 
in a, moving bed when the tube was introduced into the furnace 
under a given set -if conditi ms. The reults if temperature nea-s 
surements in empty tube, for calcite and limestone (TM5 to TM18) 
of Table III-4 are described in figures (18), (19) and (20). 
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CHAPTER 

DISCUSSION 

5.1 PTA Experiments 

5.1.1 Standardization of experimental conditions for Thermal 
Analysis : 


It is well known that thermo-analytical data are generally 
dependent on experimental conditions. These conditions include 
amount of sample weight, particle si^c, rate of heating, flow 
rate of gas, nature of packing etc. In the pres' nt work, the 
following standard conditions were maintained unless otherwise 
mentioned , 


Weight of sample 

Particle size range 
Heating rate 

Inert gas flow rate 

Nature of packing 


400 mg 

-90u to +63 p (75u) 

25°C/min 

1 cc/min 

5 taps on the crucible as 
standardized by the operator. 


In many runs, particularly with calcite, calcination xras 
not complete fig. (13) even when the maximum temperature of 
1000 °C was reached. Some further calcination occurred during 
cooling of the furnace and it stopped when temperature fell 
below the decomp ) sit ion temperature of CaCO^ In such cases, 
the max imu m loss in weight of the sample is found to be less 
than the theoritical value of 44 pet. for pure CaCO^ decomposi- 
tion. In other samples from mires presence of impurities such 
as Si0 2 , A1 2 0 3 and Fe^ in the sample may lead to lower values 
of percentage loss in weight than the theoritical values. 
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5.1.2 Dissociation of Carbonate mixtures; 

When, two carbonates are present together decnmp r sitifn 
reactions %ay or may not overlap. The exact decomposition 
behaviour will depend strongly on the nature of asscciati'n ~f 
the carbonates. For example if the tw carbonates are in th.- 
form of a mechanical mixture then each ' 1 ec mp-'siti r n reacti n 
represents decomposition -,f a pure substance. If h wover, th'-s., 
carbonates exist in the nature of a c .-and time the lias edi- 
tion behaviour is-m-.re complex. 

For example data in figures (11) an I (12) for pure MgCO^ 
and for pure CaCO^ show that d econi ositicn of MgCO^ occurs at 
temperature abut 500 °G , that of GaCO^ occurs at 900 U C. A 
mechanical mixture of MgCOj and GaCOj f'*r which data is giv. n 
in fig. (8) shows two separate DTA peaks and TG pl'ts as expected 
one corresponding to MgCO^ at 600 °G and another corresponding 
to CaCO^ at about 900 °C. On the other hand dolomite is a com- 
pound of MgCO^ and GaCO^ and its dec rnresiti-'m is delayed duo 
to its decreased activity in the comp 'und DTA data in fig. (6) 
show that decompositi n starts at temperature of 80G°C which is 
much above the decompnsiti -n temperature of MgCO^. However race 
MgCO^ has dissociated the GaCO^ is nr longer locked up in d vl->- 
mite. Therefore the dissociation behaviour of GaCO^ in dolomite 
will be same as in pure limestone. 

Figures (9) and (10) show experimental data in another 
interesting system i.e. Na^CO ^.GaCO^. If a mechanical mixture 
*r;ust occur in sequence. These sequential reactions 



of sodium carbonate (Ka^CO^) and CaCO^ is heated there is no 
weight loss due to decomnosition of Na^CO^ because it is thermo- 
dynamically stable upto 1200°G even after melting at temper at' -ro- 
of 850°C. The thermal analysis data shows an endothermic peak 
occur around 870°C without any significant loss in weight. This 
peak therefore must ascribed to melting of Decomposi- 

tion of CaCO^ in the mixture is delayed as it might have reacted 
with molten Ua 2 C 0 ^ to form a double corapound NagCO^ ,CnCO^ • 

Thermal analysis data for mechanical xture of NagCO^ and CaCO^ 

and the comnound Ka o C0,.CaC0, are therefore comparable. 

2 3 3 

5.1.3 Dissociation behaviour of samples from Mines 

In samples of limestone and dolomite collected from the 

various mines, some decomposition occurred at temperatures lower 

than 900°C, which can be due to presence of MgCO^v This is clear 

from DTA and TG- plots in figures (4) and (5)> of runs DTI to DT7 

where results are summarised in Table IV-1. Results of DTb’A* 

and DT6'A' in Table IV-1 corresponds to decomposition of MgCO^ 

in dolomite while DT5 * B' and DT6 1 B’ correspond to decomposition 

of CaCO, in the dolomite. 

3 

Dolomite sample from Chopan does not show any decomposition 
at temperature less than 900°C, as there is no corresponding 
peak for MgCO^ in fig. (7). It is thus basically limestone. This 
demonstrates the utility of thermal analysis in identifying 
mineral constituents of ore sample. 
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5.2 Determination of Activation Energy from TG data 
5.2.1 oc - T plots : 

Sone of the TG- data( weight loss) shown in Table IV-1 have 

been use^ to obtain a-T plots for dissociation of various 

samples. Here ’a’ (ienots the fraction decomposed at any te8pe— 

rature T°K and is otained as follows, 

Actual weight loss 

- Maxra. wt. loss corresponding to 
complete decomp .sition — (4) 

The value of a for these runs (DTI to DT4 and DT12 to DT15) 

are summarized in Table Y-l. 


5.2.2 Analysis of non-isothermal data: 

The basic equation of non-is, -thermal kinetic is obtained 
by combining three equations: 

1. Kinetic law, da = kf(a) (5) 

dt 

2. Arrhenius type equation. 


k = A exp(-E/RT) (6) 

3. Temperature-Time equation, 

T = f(t) (7) 

For constant heating ratedT = B (8) 


dt 


Integrating, = 'g(a) = J| exp (_ s /H T ) aT _(10) 

Here ’a’ denotes the degree of reaction (fraction decomposed) 
at tine f t * , *AJ and ! 3’ are kinetic parameters which satisfy 
an Arrhenius typo equation. *R’ is the gas constant and ’B’ 
is the heating rate (constant), g(a) and f(a) are function whose 
form is determined by the reaction mechanism. There are many 


da 
fWJ 


= Aexp(-E/RT)dT 


-(9) 


B. 


r 
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TABLE V-l 

CAL C ULATIONS OF FRACTION DECOMPOSED (g ) VERSUS 
TEMPERATURE FROM TG- P LOTS OF DT EXPERIMENTS 


Hun No. 

cc at 

various 

Temperatures 



1073 

1113 

1173 

1213 

1255 

1273 

DTI 

0.03 

0.08 

0.18 

0.32 

0.05 

0.81 

DT2 

0.03 

0 ,o5 

0.19 

0.37 

0.68 

0.97 

DT3 

0.09 

0 . jl 4 

0.31 

0 . 61 

0.83 

0.97 

DT4 

0.01 

O.v 4 

0.18 

0.38 

0.71 

0.91 

DT12 

0 .01 

0.02 

0.07 

0.19 

0.30 

0.59 

DTI 3 

0 . 0 ? 

0.06 

0.17 

0.28 

0.63 

* 0.77 

DT14 

0.02 

0.06 

0.14 

0.20 

0.43 

0,65 

DT15 

0.02 

0.03 

0.11 

0.15 

0,39 

0,55 
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methods of solving this aquation all jf which are approximate 
in nature# The most popular solution used frequently in the 
literature has been given by Coats and Redfern [11]. According 


to them if, g(a) = l-il-a) 1 ^ = kt ..(11) 

and f(a) = 3(l-a) 2 / 3 (12) 


then » 1 - (1-g )^l2. = AR [1-2RT/E] exp[— R/? m ] c(l3) 

5* 3 BE 

Tho value of activatih-n energy is ; btainel by pi ;tting 
ln[l-(l-a /T 2 versus l/T for the c-se -f 2RT/S <<1. 

Another method of calculating ’ E ' from non-iso thermal 
kinetic data has been giv'>n by Ingraham [12] according to whom, 

ln[Ba/T 3 ] = B/RT (14) 

Activation energy ! B’ in this case can be obtained by plotting 
ln[Boc/T 3 ] versus l/T. The calculated *B T values using method r f 
least squares for the above mentioned equations are summarized 
in Table V-2. Actual plots f.,r the two equations for typical 
limestone and calcite materials are shown in fig. (28). 

Activation energy values cf around 39 Kcal/mole obtained in 
Table V-2 are comparable to the reported value of 40.5 Kcal/mole 
[13] far single crystal stu^y wf calcite in vacuum. 

5.3 Temperature Measurement and g-t(timo) plots obtained from 
Moving bed experiments 

Pig. (21) shews the a-t pi-- t c fc-r some moving bed experiments 
described earlier,! a values were obtained from the analysis 
(pet. LOI) of volume elements of the bed as stated in Table IV— 2 
as following. 
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TABLE 7-2 

CALCULATION OB ACTIVATION ENERGY FR OM TG LATA IB 

DT EXPERIMENTS 


Run Bo* 

Coats + 

Redf ern 

Ing 

jjreham 

Slope 

’E* in Zeal 
/mole 

Slope 

’E* in Kcal 
/ mole 

DTI 

418680 

-37.36 

-18958 

-37.92 

DT2 

418995 

-37.99 

-19074 

-38.15 

DT3 

+19138 

-38 . 2? 

-19137 

-38.27 

DT4 

+19086 

-38,17 

-19220 

-38.44 

DT12 

+19043 

-38.09 

-19354 

-38.71 

DT13 

+18965 

-37.93 

-19424 

-38.85 

DT14 

+18875 

-37.75 

-19507 

-39.01 

DTI 5 

+18797 

-37.59 

-19595 

-39.19 
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Fig. ( 28 ) 
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TYPICAL PLOTS FOR EQUATIONS OF COATS* 
REDFERN AND INGRAHAM FOR CALCULATION 
OF ACTIVATION ENERGY. 
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a = 44 - pet DPI .... (15) 

44 

At lower speed of bed, the materials will reach the high 
terapeaature zone after a. longer period and hence a— t plot will 
shift to right as shown in fig. (21). xxS can be expected a— t 
plots shift to left with increase in the furnace temperature. 
These a-t plots may be further convert to a— T( temperature °E) 
plots for comparison with corresponding plots of DTA/TG experi- 
ments in fig. (22). 


f/ , 
i 



Calcite samples in such experiments decompose to any appre- 
ciable extent only near the entering end of the bed end the vol- 
ume elements at some distances away practically remain undecom- 
posed(a<;10 pet.). The length of the bed where appreciable amount 
of decomposition occurs increses with increase in furnace tempe- 
rature. In all these cases, complete decomposition of calcite 
material did not occur even at the entering end. Degree of 
decomposition decreased markedly with increasing distance from 
the end. This phenomenon may be occurring due to following reasons* 

1* Slow rate cf calcite decompositi >'>n 

2. Insufficient heating of bed length. 

3. Retarding cf decomposition by Ctf-, evolved. 

Experimental results on temperature measurements inside the bed 
and C0 2 evolution measurements give mere information on the 
behaviour of calcito decomposition. 


Pig* (S3) and (24) described the variation of temperature 

Ml. KANf*: d* 

along the length cf a moving bed at any time for Ip^^ang |=tnd 




70561 








calcite, If is found that a steep temperature gradient prevails 
in the bed (moving at 1 cn/min) during the first twenty minutes 
• sf the experiment. 

Since the dec •np , :siti r n temperature of calcite exceeds 900 C, 
''nly a sm°ll fraction in the bed will be decomposed within tne 
duration *'f experiment. Actual rate of ^ oc< rapositi- n at any 
temperature will be further effects'" 1 by variables such as nature 
of material, particle size, partial pressure of CO^ etc. These 
factors have been separately studied, on COg evolution experiments 
described in Table III-3. Fig. (25*) sh ws the effect cf particle 
si 7 e for calcite and fig* (26) shews the effect of temperature for 
limestone and d. Ionite materia.ls on rate 'f decempc sition. 


Experimental results r n CO2 evolution sh w the rate of dec >vi— 
pc sition is n ,t markedly affected by partial pressure of COg or 
particle size in the range studied in the present investigation. 
Retardation by C0 2 cann t account f r steep a-t pl'ts or- moving 
bed experiment . It can be attributed only due to slow picking . f 
temperature by the bed and slow rate "f calcite decc mpositi ; n . 
Similar experiments with c rmercial limestone and dr loraite sample 
shvw marked increase in the rate of deconp sition [fig. (27)] and 
they should result in greater degree of ^is-^eiation in the moving 
bod. It may ' also be noted that actual temperature of csleite, 
limestone or dolomite sample in the bed is much less than the 


furnace temperature, even when the whole mass is kept in the high 
temperature zone as sh. wn by temperature measurements in static 




Cm >n) 

. JIMF PLOTS FOR 









5 10 15 20 25 3C 

Tims (min) 

OC-TIME PLOTS FOR CALCITE , LIMESTONE AND 
DOLOMITE UNDER IDENTICAL CONDITIONS IN 
C0 2 EVOLUTION EXPERIMENTS. 
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bed experiments (TM1 t'- TM4 ) . It will n.t be thus correct t 
calculate -ctivati' n energy fr n ce-t pl^ts <?t different furnace 
temperatures, a simple heat balance m del which predicts th- 
temperaturo .:f the bed during its dies ciati n at any furnace 
temperature is describe. 4 bel^w. 

5.4 Mathematical n.del f r heating _f c-rb nete materials in 
the Static bed 

Let J m* be the mass ■ f the carbonate material and dn/dt 
is the rste of change- of mass due to decamp, siti n res.cti n } 
then fn.n heat balance -~ne can write, T + r7?. 

d f(m*Cp )dT = hA(T--T) - ^H^C-dm/^t)- pp(-dm)Sl 

Ml Ma 1 R /. 

^ . ( 16 ) 

where Cp^ is specific heat of solid and Ofj is specific heat of 
COg evolved, T is temperature in °C, h is heat transfer coeffi- 
cient in Cal /cm 2 ' r; Cmin , AH r is heat of decomposition reaction in 
(960 Cnl/gm of C0 2 produced for CaCO^ d econnosition ) T f is fu-nac 
temperature in ^/Cy’A 1 is surface area of solid material in tne 
tube. In deriving equation ( 16 ) , the sample isuassuned tc be 
uniform temperature throughout and it ip kept in the constant 
temperature zone f the furnace. 

Consider the case where the material is not deccmp sing 
Case I ; T ^ T re-cti- n and dri / dt = 0, and 'taking specific heat 

to be constant f -r samples, 

mCpdl/dt = hA(T_p— I ) ......(17) 

Rearranging and integrating the equation(17) 
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= j hA/mCp . dt ( 18 ) 

K 

= hA/aCp.t (19) 

1 rp‘'pti"i -*- s 900' C f'-r calcite material. T , will be 1 'wer 
1 reacta.cn 

£> r material like limest. ;ie and d .Ionite which c'ntain MgCO^. 

Value of ’h' for heating of "-.aterial ir a furnace has been rep:r- 
ted to be 0 . ±j 6 Cal/cm 2 ,°C .mir( AppA)*. Values of m, A, Cp, T^ and 
are kn wn frrn experimental c’nditi'ns. 

Results . f calculation sh.w that 25 gm -f calcite material 

in the tube will get heat red tv, doc. nr ,* i ti u temperature of 900' 'c 

.1 

in l-^ minutes when kept inside the furnace at 1CG0"C. This 
agrees ^ith the results .f actual temperature measurement in the 
static bed in fig. (16). 

Limestone and dolomite materials contain a fraction .f MgCO^ 
which decompose at temperature lower than 900°C. The rate of 
heating will be less due to end' thermic dec mp siti n ■■£ MgCO^ in 
such cases as dm/dt cann be neglected any more in equation (it?) . 
V'-’lue of dm/dt depends up'n the amount ■£ undecomp sed material 
left in the tube as well as on temperature f material. Since 
temperature changes with time, this is essentially a case of non- 
isother^al dec reposition which is discussed below. 

Case II : T ^reaction carb . nr te mass left) 

Assuming specific heats .,f species to be constant at temperature, 
®qua ti’ .n(l6 ) can be rewritten as, 

mCpdT + Cp Tdm = hA(T f -T) -AJU-ta) * Cp (dm)T ( 2 0) 

* s dt s dt 1 " dt ‘~'-dt 

( 3 ee Appendix A) 


clT 


In 


; Tp-T 
6 I 
! ?\T „~T , 


T f -T 





If the 


O JL 


sample unrleiv.es little temper? ture cl ange f r s retine, 
then „ne can write, dT/dt ' 0 and, 

dr./dt = - hA(T f -T)/hH a +[0p.„ - Cp p ]T ^ . 21 

Fr . r equati n (21) it fallows that, m teriuls havinr hi h 
rate of d , 3C . nposi ti n should attain a 1 wer value f c'u-ta.- - 
temperature than materials which ^ec m "So at si w r^te, Temna— 
rnture measurements results fr _■> c'.lci^ linest'ne and d I r.ite 
o^-dr^n ftL fig. (16) agree with this m The riticrl results 'f 

c- nstnnt temperature calculati ns f. r -'efferent values. . .f dn/dt 
fr'm equation (21), neglecting [Cp r ^- Cp p ] value as ver;y small, 
are given Table V-3. 


If actual value of ■ dm t is less than the value given in 

f 3 “fc 

Table V-3 f^ r a certain temperature "I/d t is gc ing tm be p sitiv 
[fr m equati, n( 19) ] . In therwirds temperature of the material 
will keep rising with corresponding increase in ldm/dt] till a 
constant temperature is attained. As a large fraction of materi- 
al decomposes jdm/dt; will decrease and there will be again rise 
in temperature of the sample. 


For calcite, the measured rate of decomposition of 0.4 to 
0.6 gm/min i.e; 4-6 cc of C^/sec correspond to sample tempera- 
ture of 910°C to 950 t C from Table V-3. In actual practice the 
temperature of the sample keep rising at a slow rate as clear 
from fig. (16) in the temperature range of 9fi0°C to 9^0°C. Source 
of descrepancy may be in the assumed value of heat transfer 
coefficient as 0.i6 cal/cm 2 .°C.min. For limestone and dolomite 
*( see Appendix - B) 
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TABLE V-5 


FOR 

DIFFERENT 

RITE OF 

CARBONATE T> 

EC0HP081 

-J- XX W X-/ Ui/ 

11 OF 



R = 

: 1000 °C 



dra/dt 

gm/min 

Theoriti- 
cal flow 
ra te ( cc/f 

Calculations for 
CaCO^ 

Calculations for 
RgCO, 

sec T_p~x 

tTuT) 

n " 

ijrpc ) 

0.05 

0.5 

8 

992 

p; 

995 

0.10 

1.0 

13 

93" 

7 

993 

0.20 

1.9 

27 

973 

15 

935 

0.50 

2.8 

41 

959 

24 

976 

0.40 

3.7 

54 

946 

7? * 

969 

0.50 

4.7 

68 

932 

35 

961 

0.60 

5.6 

82 

912 

47 

953 

0.70 

6.5 

95 

905 

55 

945 

o.eo 

7.5 

109 

891 

61 

959 

b.90 

8.4 

125 

871 

71 

929 

1.00 

9.3 

136 

864 

73 

922 
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presence of MgCO^ will also affect the heat balance calculations 
duo to its lower value of heat of decomposition i.e. 24.25 Heal/ 
mole compared to 42.5 Xcal/mole of CaCO^ decomposition. At the 
same temperature of sample, higher rates of decomposition of 
MgCO^ can be obtained than predicted for CaCO^ as shown in 
Table V— 3. Calculated temperature values compare -w-oll with 
the measured values . 

When practically all carbonates have decomposed ,'dm/dt' 

t * 

will again be zero and equation(l9) will describe^ the further 
rise in temperature of the sample. Calculations show that the 
calcine limestone or dolomite sample will get heated from a 
temperature of 910°C to 990°C in 1 minute. Details are given 
in Table V-4 . In actual practice it takes much larger time of 
6 to 8 minutes because there will be a small fraction of carbo- 
nate material decorroosing even at temper- ture higher than 910°C 
and it will consume heat in the process. 
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TABLE 7-4 

DETAILS OF CALCtf Lr.TIQFS F OR HEATING OF DECOMPOSED 


SAMPLE IF THE FURNACE 

Specific heat Cp A A 

j.1.7 Cal/mole.°C 


0.21 Cal/gm.°C 

Surface area(A) of the = 

43-96 cn 2 

Sample 

Initial mass = 

25 gm 

Decomposed mass(m) = 

15 gm 

Heat transfer co-efft. h= 

0.16 Cal/cm 2 . °C .min 

Temperature of furnaceT f = 

1000 

Initial temp, of sample = 

910°C 

t a 

Final temp, of sample T = 

990°C 

ln[T f -T A /T f -T] 

hAt/mCp 

In [ 1000 - 910 / 1000 - = 

0.16 x <13.96 x t 

990] 

15 x 0.21 

2 . 2t = 

2.2 

t = 

1 min 
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5.5 Model f 'r ho a ting of carb note materials in M ving bed 

It is p. ssible to set up a simple heat "balance equati n f'r 
v lume elements of length '1, in the m ving bed also. F:r any 
v lune element c t tins t f r r Case I f n doc mp ’Siti ( n, 

\ icr 1 . f" CpdT /d t = 2nrhAl(T f - T) (22) 

v 

Where r is the radius ' f. tube } p is bulk density f the sample, 
is. the temperature • f furnace ccrresp nding t the volume 
element . Temperature is assumed t'- b-j constant acr-ss the cr _ ss 
soctx n 'if tube c "ndvcti n terms in the axial direction are 


nogl ected . 

Si;. . pi If ying equati ,n( 22 ) IT 2h d t (25) 

Tj>-T ~ rfCp 

mv, -,-p. — x 

= 2ht/rt Cp (24) 


F<. r stationery beds, the left hand integral could be easily 
evaluated because T^. was constant. F' r a 'temperature is n t 
c nstant but varying acc rding t-' the temperature profile f the 
furnace. The integral can bo evaluated if the variati n ■ ■£ T 
is precisely known. If the bed is moving at the uniform vel city 

v, then v = x/t (25 ) 

where x is the distance covered in time t. The temperature pro- 
file of the furnace may be expressed in -fallowing form, 

Tf = T c + (T n -T o ) (1-exp- jx) ..(26) 

where- T is the temrerature cf the furnace mouth. T is maximum 
o El 

temperature of furnace and j is a constant. This shi ws th^t the 

evaluation of the left hand side integraX- .. in equation (24) 
^volume element in 'a moving bed, the surrounding furnace) 


d T 


L 


T f -T 


-= 2h 


r;'Cp 



66 


wjulrl be scraewhat c implicated, 

Calculati -ns ere further conplie" ted in Case II where 
ec 'ID]' 'siti -n ‘'f limest 1 ne is als*. enuring, CO2 gas s' ev lved 
passes thr- u fc h the rest .f the bo'" '11* affects the eve rail heat 
balance in the v 'Iuisg element. The ex - ct analysis f ^ r rl oc is. , Q 
curb'. 'nates in the nr vin^' be - "! are theref re n t c rriei 
out in this thesis. 
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CHAPTER VI 

CONCLUSION 

I"b is sh wn that thermal analysis ( simultaneous ne^sur aren't 
of DTA, TG- and DTG) can be used f .r reliable charaoteriznti n 
in terns *:f the minor eh-gics! c. rapes! ticn and In purity content 
of the carb. nate samples. DTa ef dole aite indicates two end — 
thermic peak corresponding tc sequential dec- mp-.siti.n "f MgCO^ 
and CaCO^ . The MgCO, peak in dolomite h wever : ccurs at a 
tern. >erature( 800 °C) higher than that associated with pure MgCO^ 
(550°C). The TG data for the n n-iso thermal d ec-mrositi-'n of 
corb< nate has been anal} 1 zed to obtain the kinetic parameters 
f-'r the reaction mechanism. Calculated values of activation 
energy around 39 Keal/m le are comparable with the reported 
value of 40.5 Kcal/imle in the literature. 

2. In the moving bed experiments, caleite material decc mou- 
ses tp any appreciable extent only at the entry of the entry f 
the bed only and degree of diss'eiatirn decreases markedly with 
distance away fr n that end. This phen nonon is explained due 
t . ) temperature variation in the bed. 

3. A technique of measuring the flow r 'f CO 2 gas evolved 
during decomposition reaction under c; ntrclled temrerature and 
pressure has been developed in the present work. It has been 
shown that limestone and dolomite materials dissociate much 
faster than cslcite material under identical conditions of temp 
erature and. pressure. C ©2 pressure in the range of 1 to 1.5atm 
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and the particle size in the ranee from -3nesh to +65nesh d not 
seen to affect the rate of decomposition of c=lcite, 

4. Actual measured temperature of calcite, limestone and 
dolomite sample 0 in static bed experiments are always lass than 
the furnace temperature. Heating ...f those materials in the 
furnace is characterized by an ottainm'nt of nearly constant 
temperature f.*r s 'mo tine. Constant ■cenrerati re value for lime- 
stone and dolomite samples ar-s much loss than the tern eraturo 
of the calcite sarnies. A heat online-- n del has been devel o’ 
tc cv/relate the temperature >'f the bed with the rate of deccm- 
pesition ~f the carbonate material an’ the results have been 
c nfirmod by actual measurement f tern 7 eruture in the static 
bed as well as in the moving bed . 
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APPBNDIX-a 

C ALCULATION OF HEAT TR/.NSFBJI CCBFF1CT 1NT FOR HB/.TIUG 
Off CARBONATE MATERIALS IN THE FUHITaCB 

It is given in ref erence[14 j that the value of 
boat transfer coefficient for heating of bricks in the 
furnace at 1000 °3? is 10 Btu/hr .ft 2 .°F. This value 
includes the contribution due t convection as well as 
duo to radiation. In the present work temperature of 
furnace is 10i)0°C or 1830°F. Contribution duo to 
radiation is going to be more and the value of 'h* 
will increase h = h + h 

X 

Taking h Q as 5 Btu/hr .ft* .°F end in ng 5 Btu/ 
hr . f t 2 . °F at 1100 °F, h£ value at 1850°? can be cal- 
culated as follows, 

h ( 1830 ) /h (1100) =[1830+4 60/1100 +4 60] 3 

X x* 

= 3.0 

h r (1830) = 3 x 5 = 15 Btu/hr .ft 2 .°F 

h(l 830 ) = h c + h r 

= 5 + 15 = 20Btu/hr .f t 2 . °F 

= 0.16 Cal/c m 2 .°C 

This value is only approximate in nature and in 
actual practice it will vary with o 03 .it: eratu re of sara.pl' 
as well os with the presence of CO 2 in the tube. 
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APPENDIXES 

TTPiTATltS OF SPECI FIC HEATS OF SPECIES OF INTEREST 
IF THE PRESENT Y/ORK~Tl5 1 


Species 


Cp - a+bT-CT^ 
(cal/mole . °K) 

o rw 


bxlO" 


C\j 

o 

o 

10.57 

o 

1 — 1 

* 

eg 

CaO 

4-1 .67 

1.08 

CaCO, 

7 

24. 98 

5.24 

MgO 

10.18 

1.74 

MgC0 5 

18.62 

13.80 


Cp in cal/gm.°C 


CxlO' 

O.00 °C 

300 °C 

500 °C 

700 0 

900 C 

2.06 

0.22 

0.25 

0.27 

0.28 

0.29 

1.56 

0.20 

0 . 21 

0.22 

0.23 

0 . 23 

6.20 

0.22 

0.26 

0 . 28 

0.29 

0 . 31 

1.48 

0.24 

0.27 

0 . 28 

0.29 

0.30 

4.16 

0.25 

o 

• 

O 

0 . 34 

00 

te\ 

* 

O 

0.41 


fair- /as i - i ki-ifl~v-i£ 



